Controls on the fate of~277 Pg of soil organic carbon (C) stored in permafrost peatland soils remain poorly understood despite the potential for a significant positive feedback to climate change. Our objective was to quantify the temperature, moisture, organic matter, and microbial controls on soil organic carbon (SOC) losses following permafrost thaw in peat soils across Alaska. We compared the carbon dioxide (CO 2 ) and methane (CH 4 ) emissions from peat samples collected at active layer and permafrost depths when incubated aerobically and anaerobically at À5, À0.5, +4, and +20°C. Temperature had a strong, positive effect on C emissions; global warming potential (GWP) was >39 larger at 20°C than at 4°C. Anaerobic conditions significantly reduced CO 2 emissions and GWP by 47% at 20°C but did not have a significant effect at À0.5°C. Net anaerobic CH 4 production over 30 days was 7.1 AE 2.8 lg CH 4 -C gC À1 at 20°C. Cumulative CO 2 emissions were related to organic matter chemistry and best predicted by the relative abundance of polysaccharides and proteins (R 2 = 0.81) in SOC. Carbon emissions (CO 2 -C + CH 4 -C) from the active layer depth peat ranged from 77% larger to not significantly different than permafrost depths and varied depending on the peat type and peat decomposition stage rather than thermal state. Potential SOC losses with warming depend not only on the magnitude of temperature increase and hydrology but also organic matter quality, permafrost history, and vegetation dynamics, which will ultimately determine net radiative forcing due to permafrost thaw.
Introduction
High latitudes are experiencing effects of climate change including warming, degrading permafrost, and altered hydrology (Osterkamp et al., 2000; Serreze et al., 2000) . Northern soils are predicted to warm and thaw, resulting in a decrease or near-disappearance of permafrost in surface soils (<2 m; Lawrence et al., 2012; Slater & Lawrence, 2013) . Permafrost soils store~1600 Pg C (Tarnocai et al., 2009) , enough to more than double atmospheric CO 2 concentrations. Estimates of SOC decomposition and release to the atmosphere following permafrost thaw by 2100 vary tenfold, from 33 to 288 Pg C, due to higher rates of decomposition with warmer temperatures and additional substrate availability with a deepening of the active layer (cf. Wisser et al., 2011; Schneider Von Deimling et al., 2012; Schuur et al., 2013) . Peatlands are wetlands with an accumulation of dead organic matter (Joosten & Clarke, 2002) and account for~30% of SOC stored in the permafrost zone (Tarnocai et al., 2009) .
Both temperature and moisture are important controls on decomposition processes (Davidson & Janssens, 2006) . Temperature has a strong positive effect on soil respiration rates in mineral soils with permafrost (Mikan et al., 2002; Michaelson & Ping, 2003; Dutta et al., 2006) , although the temperature response of organic soils with permafrost is less well documented (Lupascu et al., 2012) . Relatively few incubation studies have compared rates of C losses from permafrost soils at cold (≤5°C) and warmer temperatures despite being relevant to field conditions (Rodionow et al., 2006; Waldrop et al., 2010; Lupascu et al., 2012) . Soils, especially peat soils, will warm more slowly than air temperatures (Wisser et al., 2011) and mean annual soil temperatures of deep soils are likely to remain near 0°C across much of the permafrost domain (Zhang et al., 2008) , while surface soils will be substantially warmer. Due to the strong nonlinear response of C production to temperature, particularly at low temperatures (Hamdi et al., 2013) , it is important to capture a broad range of temperatures to characterize potential C loss following permafrost thaw.
Soil moisture and development of anaerobic conditions also control decomposition rates. Flooding and the development of anaerobic conditions (thermokarst) is common following permafrost thaw in peatland areas and can lower soil C losses (Robinson & Moore, 2000; Camill et al., 2001) and CO 2 emissions (Wickland et al., 2006; Turetsky et al., 2007) , but also increase CH 4 emissions (Wickland et al., 2006; Myers-Smith et al., 2007; Prater et al., 2007; Turetsky et al., 2007) , with an unknown net effect on global warming potential (GWP: a measure that standardizes CH 4 and CO 2 emissions based on their relative radiative forcing potential) (Johansson et al., 2006) . Following thermokarst, the oxic/anoxic boundary will determine substrate availability rather than frozen/unfrozen status of substrate in permafrost soils.
Furthermore, interactions between temperature and moisture will have an important influence on the response of permafrost soils to thaw (Elberling, 2007) . At low temperatures, water availability can limit decomposition and is a function of organic matter quality ( € Oquist et al., 2009) , while at warmer temperatures, both anaerobic conditions and very dry conditions limit decomposition in permafrost soils (Wickland & Neff, 2008; Lee et al., 2012; Elberling et al., 2013) . Previous incubations in permafrost soils have not always used a realistic range of temperatures (Uhlirova et al., 2007; Lee et al., 2012) or moisture conditions Uhlirova et al., 2007; Lupascu et al., 2012) and thus cannot be used to assess likely interactions between temperature and moisture under field conditions that will ultimately control radiative forcing.
In permafrost soils, organic matter quality and microbial communities may vary between active layer and permafrost depths and result in differing decomposition rates. Previous incubation studies have found that the lability of organic matter in permafrost is equal or greater than in active layer soils (Uhlirova et al., 2007; Waldrop et al., 2010; Lee et al., 2012) . However, organic matter found in peatland permafrost may be less labile than in the active layer. In peatlands, the accumulation of chemically complex organic material at depth may limit the loss of SOC even at ideal temperatures (Kracht & Gleixner, 2000; Kuder & Kruge, 2001; Reiche et al., 2010) , and result in lower CH 4 and CO 2 production rates from decomposition at depth (Yavitt et al., 1987; Nadelhoffer et al., 1991; Bridgham & Richardson, 1992; Hogg et al., 1992; Bergman et al., 1998; Mckenzie et al., 1998; Waddington et al., 1998; Christensen et al., 1999; Glatzel et al., 2004; Turetsky, 2004; Blodau et al., 2011) . In addition, in both permafrost and peatlands, the decomposition of organic matter at depth may be limited by microbial activity (Yavitt et al., 2006; Waldrop et al., 2010) . Thus, variability in organic matter quality and microbial activity between and within ecosystems may mediate the decomposition response to permafrost thaw.
Improving general predictions of C loss following permafrost thaw requires a more comprehensive understanding of the mechanisms constraining SOC losses. This includes a better understanding the effects of temperature and moisture on C mineralization and whether these vary among ecosystems, as well as whether C loss is mediated by factors such as organic matter quality or microbial communities. Furthermore, we have limited knowledge of the response of peatland soils with permafrost to warming. The response of peatlands to permafrost thaw may differ from previous studies in permafrost mineral soils due to the anaerobic status, the low nutrient availability commonly found in peatlands, and the presence of highly degraded substrate at depth. However, permafrost soils frequently have higher amounts of nitrogen than active layer soils and relatively undecomposed organic matter may be preserved in permafrost (O'Donnell et al., 2012) . To our knowledge, potential C losses from deep permafrost peats have not been measured or compared with shallower active layer soils. Furthermore, whether potential C production differs across permafrost peatlands and why this might occur is unknown.
The goals of this study were to quantify the effects of soil climate (temperature, moisture, and their interactions), microbial communities, thermal state, and organic matter quality on C emissions in permafrost peatlands. We coupled experimental laboratory incubations of active layer and permafrost depths of peat cores under variable temperatures and moisture contents with a reciprocal transplant inoculation and incubation experiment to elucidate the role of climatic conditions, microbial communities, and SOC quality in contributing to differences in C emissions. We combined incubation results with chemical and biological characterization of peat composition, peat decomposition stage, and measures of soil physical and chemical properties to identify metrics of organic matter quality. Specifically, we asked whether temperature limitation alone resulted in low rates of decomposition from these sites (ultimately leading to peat accumulation), or whether moisture, microbial communities, or SOC quality also played a significant role in limiting decomposition.
Materials and methods

Field methods and site descriptions
Four boreal black spruce peatland sites and two tundra peatland sites were selected to represent a range of climate and vegetation found in permafrost peatlands in Alaska (Table 1) . In May-June 2011, we took two to four replicate peat cores to 1 m depth at each field site using a gas powered auger with a diamond-tipped core barrel (Calmels et al., 2005) . Frozen cores were shipped to the University of New Hampshire and were stored at À20°C until analysis.
Soil profile descriptions included a description of horizon, decomposition stage, and degree of amorphousness (Manies et al., 2004;  http://carbon.wr.usgs.gov/methods.html) for two field replicates ( Table 2 ). The discrete decomposition stages were categorized as follows: (i) undecomposed with easily identifiable plants; (ii) slightly decomposed with identifiable plant parts that are intact; (iii) moderately decomposed with recognizable plant parts that are not identifiable or intact; (iv) strongly decomposed with little recognizable plant structure; and (v) completely decomposed with no recognizable plant part. The amount of amorphous material was categorized as follows: (i) none; (ii) <1/3 of material; (iii) >1/3 of material; and (iv) >1/3 material with smear.
Sample preparation and analysis
Two depths (active layer and permafrost) from each frozen core were sampled (Table 3) . Frozen cores were sectioned into 10 cm depth increments using a band saw in a cool room (8°C). The band saw was cleaned using alcohol between sections. Core sections were sectioned vertically into a minimum of 12 replicate pieces (dimensions: 1 9 2 9 10 cm depth) to ensure uniform substrate characteristics and minimize depth effects within replicates. Unless otherwise noted, samples were not homogenized. After sectioning, samples were returned to the freezer (À20°C) until analysis or incubation.
Bulk density, C and nitrogen content were measured on a homogenized, ground subsample of each soil after oven-drying at 60°C for 24 h. C and nitrogen content were determined using a Costech elemental analyzer (Costech Analytical Technologies, Valencia, CA, USA). Water holding capacity was determined gravimetrically for each soil using a sample that was air-dried for 72 h and then rewetted until no more water could be absorbed (Wickland & Neff, 2008) . Total microbial biomass carbon was determined using chloroform fumigation and extraction with K 2 SO (Vance et al., 1987) and using an extraction efficiency factor for arctic samples of K ec = 0.35 (Jonasson et al., 1996) . Dissolved organic carbon (DOC), total dissolved nitrogen (TDN), and pH were measured from soil extracts. Soil extracts of 3.5 g fresh soil in 35 ml ultrapure water were shaken for 24 h at room temperature and filtered with a 0.7 lm GF/F filter. Soil extracts and microbial biomass extracts were analyzed on a Shimadzu TOC-V.
Soil chemistry measurements of lignins, lipids, polysaccharides, proteins, and N-bearing compounds were determined using pyrolysis gas chromatography/mass spectrometry (Py-GC/MS) on a subset of six bulk peat samples from three sites (College Peat, IFDM, Peat Inlet) representing different peat types from both active layer and permafrost (Table 3) . Frozen samples were placed in a lyophilizer (Labconco, Kansas City, MO, USA) for drying, then homogenized using a Ball Mill grinder. Samples were pyrolyzed at 600°C for 20 s, transferred to a Thermo Trace GC Ultra gas chromatograph and Polaris Q mass spectrometer. Peaks were analyzed using Automated Mass Spectral Deconvolution and Identification System (AMDIS, V 2.65, National Institute of Standards and Technology, Gaithersburg, MD, USA) and the National Institute of Standards and Technology (NIST, Gaithersburg, MD, USA; http://chemdata.nist.gov/mass-spc/amdis) compound library (Grandy et al., 2009; Wickings et al., 2011) . Characterization of plant species composition in the peat was based on macrofossil analysis (Tables S1 and S2 ). To quantify macrofossil abundance, we used~3 cm 3 of material for each sample pretreated with warm 5% KOH to dissolve humic and fulvic acids, followed by sieving at 150 lm to remove pieces too small to be identified. The macrofossils were spread in just enough water so that the remains were floating in a gridded petri dish, and were identified using a stereo microscope (16X). Unidentified, very small macrofossils were ignored as they usually represented much less than 5% of the samples. We repeated the process five times for each sample and averaged the five subsamples for the final species composition.
Incubation experiments
We used a modified blocked factorial design to assess the effects of temperature and moisture. Samples were incubated aerobically at four different temperatures (À5, À0.5, +4, and +20°C) and anaerobically at only two temperatures (À0.5 and 20°C; Table S1 ). At the start of the incubations, all core subsections were weighed and placed into preweighed mason jars with airtight lids fitted with bulkhead fittings (B400-61, Swagelok Corp., Solon, OH, USA), rubber o-rings, and blue all-purpose septa (Alltech Associates/Grace, Deerfiled, IL, USA). Soil moisture was maintained by weighing samples weekly and adjusting to the target gravimetric moisture content with DI water, although preliminary experiments showed no significant differences in C production between samples incubated aerobically at different moisture contents >60% saturation. Samples were flushed with helium for 3 min (anaerobic samples) or with air (aerobic samples). All samples were thawed at 4°C for 48 h, then brought to incubation temperature for 24 h prior to beginning measurements to reduce the likelihood of measuring gas trapped in the permafrost, to achieve a constant temperature throughout the sample, and reduce measurements of transient effects. Incubation temperatures were maintained using an incubator (warmer temperatures: 4°C, 20°C) or a chest freezer equipped with a CR1000 datalogger (Campbell Scientific, Logan, UT, USA) and multiple thermocouple measurements to regulate temperatures (lower temperatures: À0.5°C, À5°C). Incubations for temperature and moisture effects were conducted in two subsequent rounds due to logistical constraints, but the length of time samples were stored did not influence CO 2 or CH 4 production rates as we observed no significant differences in C production between the two rounds at 20°C (CO 2 : F 1,54 = 0.07, P = 0.78; CH 4 : F 1,54 = 1.54, P = 0.21). Flux measurements were calculated using the change in headspace CO 2 or CH 4 concentration over time. At each measurement time, three 20 ml headspace samples were collected by syringe over a 48 h period and analyzed for CO 2 and CH 4 concentrations. CO 2 concentrations were measured using an infrared gas analyzer (Licor 6262, LiCor Biosciences, Lincoln, NE, USA). CH 4 concentrations were measured on a gas chromatograph with a flame ionization detector (GC-FID, Shimadzu GC-8A, Columbia, MD, USA) and a Haysep Q column. Samples were flushed with either air or helium prior to each flux measurement. In both experiments, production of CO 2 and CH 4 was measured a minimum of six times throughout the 30 day incubation period.
In the second experiment, we tested the importance of microbial controls on C emissions using a reciprocal transplant experiment consisting of two microbial inoculation treatments (high and low CO 2 production) applied to sterilized replicate peat samples from boreal sites. The reciprocal transplant experiment tested whether the microbial communities were functionally different between the two depths (active layer and permafrost), all other factors being equal (temperature, organic matter quality, moisture levels). Reciprocal transplants involving the inoculation of leaf litter have been used previously to compare the rates of litter decay between treatments inoculated with different microbial communities . In this experiment, each sample was thawed, homogenized, and sterilized using an autoclave (two cycles for 20 min at 121°C). The homogenized, sterilized soil was then split into two replicates, placed into sterile jars, and inoculated with one of two microbial inoculant treatments: high (derived from the two samples with the highest CO 2 production in temperature 9 moisture incubation) or low (derived from the two samples with the lowest CO 2 production). This experimental design allowed for comparing differences in total C respiration between the two microbial communities, independent of organic matter quality and environmental conditions. The inoculant was made by adding two 0.5 g dry weight homogenized peat samples (for a total of 1.0 g dry weight soil) to 150 ml sterilized DI water. The high inoculum was extracted from two active layer samples and the low inoculum was extracted from two permafrost samples. Both were from cores at IFUW2 and IFUW3 (Table 1 ). The inoculum was shaken for 24 h at 150 rpm and filtered through a Whatman GF/C filter using a Buchner funnel. Two milliliters of inoculum was added per gram soil dry weight and moisture content was adjusted to 60% saturation. Inoculated samples were allowed to equilibrate for 48 h prior to beginning CO 2 flux measurements.
Data analysis and quality control
Due to the extremely low CO 2 and CH 4 production rates at low temperatures, many measurements were below detection limits. If CO 2 flux rates were less than or equal to the flux rates from a blank sample (jar with no soil), they were approximated as zero production. This affected~11% of CO 2 flux measurements across all experiments. If CH 4 production rates were lower than the blank samples, CH 4 oxidation was assumed to be the dominant process. We also rejected measurements with CO 2 or CH 4 concentrations significantly above ambient (aerobic samples) or zero (anaerobic samples) as insufficient flushing had occurred (<1% of CH 4 ).
We defined several metrics to better compare the experimental data. Cumulative CO 2 and net CH 4 production over the 30 day incubation period was determined for each sample by assuming a linear change between consecutive flux measurements and integrating over the 30 day incubation period. This allowed the comparison between samples without effects of sampling day or differences in carbon substrate utilization over time (Wetterstedt et al., 2010) . Total C emissions were the sum of cumulative CO 2 emissions and net CH 4 emissions. Global warming potential (GWP) was used to compare the differential radiative forcing effects of CH 4 (higher) and CO 2 (lower). GWP was calculating for CH 4 emissions using the factor 25 kg CO 2 -equiv kg À1 CH 4 , the CO 2 equivalent on the 100 year time horizon (Forster et al., 2007) . We performed several different types of statistical analysis using R Statistical Software (R Development Core Team (2008), Vienna, Austria). We used mixed effects modeling to test for differences among temperature, moisture and aerobic/ anaerobic treatments and to account for bias associated with repeated measurements of replicate samples (R package: nlme). Differences between peat types were determined using linear modeling; effects of repeated measurements were not significant. We performed step-wise linear regression using maximum likelihood estimation to determine best physical and chemical predictors of 30 day cumulative CO 2 and CH 4 production using the MASS package for R. For most statistical analyses, we used natural log-transformed CO 2 data and scaled CH 4 data (CH 4 flux + 1 lg CH 4 -C gC
À1
) to normalize data and model residuals.
To examine relationships between peat physical and chemical properties, sites, decomposition stage, climatic zone, and thermal state, we used an ordination analysis. We conducted a nonmetric, multidimensional scaling analysis (NMDS) on normalized, scaled data using metaMDS and envfit [Oksanen, J. et al. (2008) . vegan: Community Ecology Package. R package version 1.15-1. http://cran.r-project.org/, http://vegan.rforge.r-project.org/].
Results
Incubation temperature had a strong, positive effect on C emissions and indicated that decomposition in these ecosystems is strongly temperature limited (Fig. 1) . Cumulative CO 2 production (cumulative or net production refers to total CO 2 or CH 4 emitted over the 30 day incubation period) increased significantly with temperature (Fig. 1) . The relationship between temperature (T,°C) and cumulative CO 2 production (C aeroCO2 , mgC gC À1 ) in aerobic samples was C aeroCO2 = 0.462e 0.105T (r 2 = 0.85) and the 95% confidence intervals were 0.397-0.544 (intercept) and 0.098-0.111 (slope). The relationship between temperature and log-transformed cumulative CO 2 production did not differ between active layer and permafrost samples (P = 0.42). Aerobic status significantly affected C production at temperatures above freezing but not below freezing (Fig. 2) . Anaerobic conditions at 20°C significantly decreased the total C emissions (CO 2 + CH 4 ) from 3.61 AE 0.23 mgC gC À1 (aerobic) to 1.89 AE 0.15 mgC gC À1 (anaerobic) over the 30 day incubations (F 1,82 = 1078, P < 0.0001). Under anaerobic conditions at 20°C, cumulative CO 2 production was approximately half (46.9 AE 2.5%) of aerobic CO 2 production, while CH 4 production more than doubled (Fig. 2) . However, at À0.5°C, there were no significant differences in total C emissions between aerobic and anaerobic conditions (F 1, 52 = 1.86, P = 0.18).
Methane emissions were a small fraction of total C losses across all sites. At 20°C, CH 4 emissions in aerobic samples accounted for 0.04 AE 0.02% of total C emissions, but 0.43 AE 0.017% in anaerobic samples. Net CH 4 consumption occurred in aerobic treatments at all other temperatures (Fig. 1) . Due to the small contribution of CH 4 to total C losses under anaerobic conditions, the GWP of gas emissions from these peatland soils decreased by 6% and 47% under wetter, anaerobic conditions (Fig. 3a) . The mean GWP of aerobic processes at À0.5°C was 6% higher than anaerobic processes, but the GWP was larger at 20°C due to temperature effects. There were differences in C production between active layer and permafrost depths. At 20°C, we observed a significant difference in GWP between aerobic and anaerobic treatments (P < 0.0001; Fig. 3b ), between depths (P < 0.0001; Fig. 3b) , as well as a depth by climatic zone interaction for aerobic samples (P = 0.0023; Fig. 3c ). Active layer CO 2 production was 77% larger than permafrost production in the boreal climate zone and was 19% smaller (but not significantly different) in arctic climate zone samples (Fig. 3c) .
Cumulative CO 2 emissions were strongly correlated with peat type (amorphous < sedge < sedge/Sphagnum < Sphagnum) (Fig. 4) , which was the next best predictor of CO 2 emissions after temperature, explaining an additional 32% of the variability among all CO 2 production (F 4,216 = 25.04, P < 0.0001). The relative frequency of dominant peat types differed between depths and climatic zones (Fig. 5) . Amorphous peat was found more commonly in permafrost depths and boreal samples than in arctic samples, while sedge peat was more frequent in arctic samples (Fig. 5) . Anaerobic CH 4 production was negatively correlated with the fraction of amorphous material in peat, which explained almost 20% of variability in anaerobic CH 4 production at 20°C (F 1,26 = 8.58, P < 0.0070).
Cumulative CO 2 emissions were also correlated with peat chemical characteristics, while effects of microbial communities were mixed. Total microbial biomass, TDN, percent C, gravimetric water content, and water holding capacity explained 53% of the variability in cumulative CO 2 emissions at 20°C (F 5,72 = 16.27, P < 0.0001). We observed a 12% difference in CO 2 production between microbial inoculum types in boreal samples (P = 0.49), while C production from boreal permafrost across inoculums was approximately half (55%) of active layer C production ( Fig. 6 ; P < 0.0001). In the subset of samples that were analyzed using py-GC/MS, moss peat types had a higher relative abundance of polysaccharides, whereas sedge and amorphous peat types had higher amounts of lignin and proteins (Table 4) . In a regression, the relative abundance of polysaccharides and proteins explained 81% of the variability in cumulative CO 2 production among samples at 20°C (F 2,15 = 32.99, P < 0.0001).
There were no significant differences in chemical composition between active layer and permafrost samples across all sites.
In a multidimensional analysis, peat type was more strongly positively correlated with CO 2 emissions at 20°C than either degree of decomposition, fraction of amorphous material, or thermal state (Fig. 7a) . In addition, we saw a strong positive correlation between abundance of ericaceous roots, deciduous leaves, and CO 2 production (Fig. 7b) . Cumulative respiration (CO 2 production) was also correlated with active layer thickness in the multidimensional analysis (Fig. 7) , but not in the regression analysis.
Discussion
Total potential C emissions in this study were generally smaller than those measured at other sites across the permafrost zone, likely because deeper soils (>30 cm) were incubated. Mean CO 2 production was slightly lower (52 AE 9 lg CO 2 -C gC À1 d À1 ) than previously reported for the same range of incubation temperatures (59-967 lg CO 2 -C gC À1 d À1 ; Hobbie et al., 2002; Kane et al., 2013; Lee et al., 2012; Mikan et al., 2002) , which may be due to the use of intact peat samples in this experiment to better approximate field conditions. For example, in an auxiliary experiment at 20°C, we found that homogenization increased CO 2 production bỹ 30%. Anaerobic CH 4 production rates were lower than those in previous peatland permafrost incubations (À1.5-6.3 lg CH 4 -C gC Lupascu et al., 2012; Moore et al., 1994; Turetsky & Ripley, 2005) , but similar to other incubations of Alaskan peats (0.0-1.9 lg CH 4 -C gC À1 d
À1
; Kane et al., 2013; Lee et al., 2012; Lipson et al., 2012; Waldrop et al., 2010; Zona et al., 2012) . Lower CH 4 production in this incubation may be due to depth effects, generally lower organic matter quality (Bergman et al., 1998) , or the timing of the early spring field sampling when soils were still frozen, resulting in low activity of methanogen populations in the 30 day incubations (Yavitt et al., 2006) . These results show that the thawing of permafrost will not always result in large C losses; however, the contributions of anaerobic decomposition to radiative forcing are not entirely negligible. The 6-48% GWP decrease under anaerobic incubation was less than the 49-84% decrease observed by Lee et al. (2012) .
Temperature and moisture effects
The effects of temperature differences on C emissions were easier to quantify than the effects of moisture differences due to limitations in the experimental (a) (b) (c) Fig. 3 Mean cumulative global warming potentials (GWP) for soils incubated under aerobic and anaerobic (*) conditions for 30 days (a) across all incubation temperatures for both depths combined; anaerobic conditions were applied only at À0.5 and 20°C, not at À5°C or 4°C. (b) GWP for aerobic and anaerobic conditions for each depth at 20°C; and (c) GWP of climate zones and depths at 20°C and aerobic conditions; letters denote significant differences between samples (P < 0.05). AL, active layer sample; PF, permafrost sample; *indicates anaerobic incubation. The contributions of CH 4 emissions to GWP are light; CO 2 contributions are dark. design and measurements. We observed large differences between aerobic and anaerobic treatments at 20°C (Fig. 2) , but no differences between aerobic and anaerobic treatments at À0.5°C likely due to the lower temperatures. Below freezing, liquid water freezes and limits microbial respiration ( € Oquist et al., 2009) ; therefore, the low observed respiration rates at À0.5°C may be due to water limitation that was experienced by both aerobic and anaerobic samples, as well as the cold temperatures. Also, at À0.5°C, we saw a net CH 4 uptake under aerobic conditions and near-zero production under anaerobic conditions suggesting that CH 4 emissions will not be a major contributor to C losses at temperatures around 0°C but will increase in importance with warmer temperatures (Fig. 3) . Temperature/moisture interactions in northern ecosystems suggest that the role of soil moisture in determining soil C losses will increase as soils warm (Wickland & Neff, 2008) and may result in substantial increases in C loss under warmer, drier conditions and a smaller increase under warmer, saturated conditions (Fig. 2) .
Role of organic matter quality and microbial communities
Organic matter quality and microbial communities were hypothesized to be additional controls on C losses from permafrost soils, but we found substantial evidence only for the effects of organic matter quality on C emissions, while the evidence for microbial controls was mixed. First, C emissions were lowest from the amorphous peat type (most decomposed type) under optimum conditions, consistent with previous studies (Norden et al., 1992) . The more frequent occurrence of amorphous peat in permafrost samples, and more specifically, boreal zone permafrost, likely results in the difference in GWP between permafrost and active layer depths, as well as the ecosystem x depth interaction (Figs 3 and 5) . Second, the substantial differences in C production between boreal active layer and permafrost were apparent regardless of the microbial inoculum, which had a relatively small effect size and indicated that the microbial communities were functionally similar (Fig. 6) . Finally, C emissions were correlated with the plant species composition within the peat (Figs 4 and 7b) , suggesting that the litter inputs and subsequent organic matter quality may determine potential C production under optimal conditions. Litter and moss inputs control the organic matter chemistry and quality, ultimately determining how much C can be mineralized from permafrost peats. Both initial litter quality (dominant vegetation type) and stage of decomposition (recognizable plant parts vs. amorphous, highly decomposed peat) were accounted for in the peat type description that we used Fig. 4 Mean aerobic CO 2 production across at 20°C for each peat type. There were significant differences among peat types (F 3, 52 = 6.48, P = 0.0008). Fig. 6 30 day cumulative CO 2 production from inoculation experiment using boreal samples. No significant differences were observed between inoculum types (high and low; P = 0.36), but significant differences between active layer and permafrost persisted (P < 0.0001). ( Table 2 ). Our results suggest that plant and moss species with high relative abundances of polysaccharides and proteins will have high CO 2 production (Table 4) , and this agrees with previous studies using Alaskan soils (Dai et al., 2002; Wickland & Neff, 2008) . Nitrogen availability and initial C : N ratio also affect decomposition rates, but results from this study are inconclusive. Initial C : N ratio was poorly correlated with SOC mineralization during the incubation and was not identified in the step-wise regression, perhaps because the peat C : N ratio differs from that of litter inputs due to previous decomposition (Kuhry & Vitt, 1996) . TDN was significantly higher in the permafrost than active layer but was negatively correlated with decomposition rates.
In this study, cumulative C production depended on organic matter chemistry, species composition of the peat, and decomposition stage, all of which had stronger correlations with C flux than depth or thermal state. The contrasting depth effects between arctic and boreal soils illustrate the importance of peat type (Figs 3 and 5), as well as organic matter chemistry. Boreal active layer peats were more frequently mosses, which were high in polysaccharides (Neff et al., 2005) and are preferred substrates for microbial respiration (Dai et al., 2002) , while boreal permafrost peat tended to be amorphous (Fig. 5) . Active layer and permafrost depths in arctic samples were similar in plant species composition (sedge peat; Fig. 5 ), pH (Table 3) , and in total C production ( Fig. 3) , but total C production was lower than moss peats (Fig. 4) . Lower C production was likely due to lower abundance of polysaccharide and higher abundance of lignins and lipids (Table 4 ; Reiche et al., 2010) , which are known to regulate rates of litter and labile SOM decay in other pyrolysis studies (Wickings et al., 2012; Rinkes et al., 2014) . Higher C fluxes from thawed permafrost could be expected in other ecosystems where relatively undecomposed organic matter is preserved in permafrost through processes such as syngenetic permafrost formation in peatlands (O'Donnell et al., 2012) and loess or alluvial deposits Zimov et al., 2006) , rapid peat burial in the anoxic zone of peatlands (Loisel & Yu, 2013) , or cryoturbation (Repo et al., 2009) . To predict potential SOC losses from permafrost thaw across the permafrost zone, substrate type, degree of decomposition, and the processes responsible for incorporating SOC into permafrost must be considered because they determine the potential decomposability of the SOC following thaw.
The approaches that we used to determine controls on C production in these permafrost peats had some limitations. In comparing cumulative C production between temperatures over the 30 day incubation period, we did not account for changes in microbial efficiency or substrate composition due to preferential consumption by microbial organisms (Wetterstedt & Agren, 2011 ) that limits the comparison of C mineralization rates over time as substrate quality diverges (Hamdi et al., 2013) . However, we limited these effects using incubations at the same temperature (20°C) to draw conclusions about differences in organic matter quality between peat types. In comparing effects of organic matter quality with microbial controls, we tested whether there was a difference in C production between 'high CO 2 production' and 'low CO 2 production' inoculums. Difference between the inoculums would have indicated a functional difference in the microbial community that could have been due to differences in microbial abundance, microbial growth rates, microbial community composition, or all of the above. The categorization of high and low inoculums assumes that microbial inoculum is representative of the microbial communities and microbial abundance. Finally, we observed CH 4 production in aerobic conditions at 20°C in both intact peats (Fig. 2) and homogenized peats in an auxiliary experiment. This indicates the difficulties of eliminating anaerobic microsites within soils that result in CH 4 production in aerobic conditions (Knorr & Blodau, 2009 ) and also suggest that CH 4 production exceeds potential oxidation at depth in these Alaskan permafrost peatlands. Others have found CH 4 oxidation from depths up to 40 cm below the surface and also from below the water table (Whalen & Reeburgh, 1996 .
Temperature is the ultimate control over decomposition dynamics in these permafrost peatlands, while moisture and organic matter characteristics provide important secondary controls at warmer temperatures, similar to nonpermafrost peatlands (Bergman et al., 1998) . The magnitude of C emissions under the most favorable incubation conditions in this experiment appears to be related to peat chemistry and species composition. The low C emissions from highly decomposed, amorphous peat commonly found in permafrost layers may limit the potential feedback of thawing permafrost to climate change in boreal regions. However, we do not address effects of vegetation on C mineralization through enhanced growth, litter, and root exudates, which will ultimately determine net ecosystem C balance. At large scales, peat type and permafrost history must be considered to accurately predict the fate of SOC following permafrost thaw.
